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a - wave amplitude feet

3 A a duct exit flow area square feet

C a constant none

D - jet diameter feet

D propeller diameter feet
PI

DH - diameter of eroded area feet

f - wave frequency C.p.s.

h * height measured from the undisturbed
impingement surface feet

K - constant appropriate

m - mass flow rate slugs per second

P - local pressure pounds per square foot

PO - ambient pressure pounds per square foot

Pt w total pressure pounds per square foot

q = local dynamic pressure pounds per square foot

qm a mean dynamic pressure in
the free jet at the
source pounds per square foot

qm ma,,mm surface dynamic
pressure at survey
location under
consideration pounds per square foot
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SqFM the maximum dynamic

!pressure in the flow
field produced by a
jet or rotor pounds per square foot

qcR surface dynamic pressure
required to initiate
erosion pounds per square foot

R - radius feet

T - thrust pounds

VL vlum loaing particle volume ) inches

(max.projected area)

w -disk loading (T/A) pounds per square foot

x radial distance measured along the
surface from the impingement point feet

y distance measured along the impingement
surface from the geometric center of
non-circular configurations feet

Z vertical hetght of the developed free
jet above the surface feet

9 thrust axis inclination degrees

azimuth measured in the surface plane in
a clockwise direction from the propeller
axis projection, from a direction along
the plowed furrows, or from the major
axis of a configuration degrees

Nomenclature Used for Soil Condition

I Lean Clay (CL)
A. Bladed Section
B. Plowed Section (Flat)
C. Flowed Secti6n (Furrowed)
D. Grassy Area (Unmowed)
E. Grassy Area (Freshly Mowed)

viii



_II at Clay (IH)

A. Weathered

B. Bladed

ill Sand (SP)
A. Dry
B. Wet

IV Sandy Gravel (GW)
A. As Deposited
B. Sprinkled and Compacted

V Water
A. Fresh

This system of soil condition nomenclature was used to provide a
complete cross reference between this report and Rieferences 2 and
3. A single designation was used which consists of:

1i) A Roman numeral that designates the type of soil.
2) An alphabetical symbol that designates the soil preparation.
3) The test number assigned at the time the test was conducted.

A designation can consist of the first two parts when ref'erence is
made to a series of tests.

Example: Data designated I B 25.

This data refers to test number 25, which was conducted over a plowed
flat surface of lean clay.
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- _1. S UMMAR

This report summarizes the results of previous tests, which included
disk loadings from 2 to 150 pounds per square foot and Z/D ratios
from .25 to 3. During th- testing velocity surveys over non-
eroding surfaces, erosion rates for various soils, and deflections
in water surfaces were obtained. The configurations used in the
tests weres open propellers, ducted propeller, side by side jets,
and Ground Effect Machines (GEM) of the plenum and annular nozzle
type.

When considering a circular jet impinging normal to a smooth sur-
face under no wind conditions, and for radial distances greater than
two and one-half times the jet radius, the following conclusions can be made:
The velocity parallel to the surface dependa upon the total thrust and not
upon the disk loading. The field maximum surface velocity is a function of
disk loading and Z/D. The radial sui'face jet thickness increases linearly
with the distance from the impingement point.

Although the surface dynamic pressure, at large radial distances,
is proportional to the total thrust, it is the field maximum dynamic
pressure that initiates the erosion. The onset of erosion is there-
fore determined by the disk loading, Z/D, and the critical dynamic
pressure for the particular surface.

Light surface winds will deflect the radial jet above the surface and
transport small particles back to the impingement area. This in--
stitutes considerable operational difficulty.

With the exception of gravel most natural surfaces erode at surface
dynamic pressures below 3 or above 150 pounds per square foot. Rela-
tively free surface material, i.e.,sand, dust, water, etcetera, erode
when the surface dynamic pressure is 3 or less. Packed sod, concrete,
macadam, vegetation, etcetera, will all withstand surface dynamic
pressures in excess of 150 pounds per square foot. Obviously loose
surface dust, water, etcetera, will be blo•i free.

Gravel is normally composed of a large range in particle sizes, for
example the gravel used in these tests had particle sizes from .05
millimeters to 40 millimeters. Low disk loadings move the very
light particles. This erosion may decrease with time. At disk
loadings of 60 to 100 pounds per square foot the erosion rate was
rapid and the largest particles were blown free of the eroding area.

Saturating sand with water decreased the erosion rate considerably;
at a disk loading of 125 pounds per square foot the activity con-
sisted of a continuous process of drying and then eroding of the
surface.

1



If a homogenous surface is assumed the two parameters, the surface
critical dynamic pressure and field maximum dynamic pressure (qFM),

determine if erosion will be encountered. The field maximum dynamic
" j 7pressure varies directly with disk loading and inversely but in a

non-linear fashion with Z/D.

When a circular jet is formed as a result of producing lift, the

maximum surface dynamic pressure, at radial distances greater than

x/R - 2.5, is dependent upon the total thrust. The thickness, or
height, of the radial flow depends upon the distance from the impact
point; i.e., the zero velocity line is given by h = Cx where .250 •
C W .268.

Deviations in the surface from the smooth flat surface used in the
velocity s%,rvey tests do not have a large effect on the field maxi-
mum dynamic pressure, or the onset of erosion.

Additional velocity survey data is required to evaluate the influence
of surface winds or forward velocity, !hanges in jet geometry, and
contoured surfacce designed tu minitmize the stf ace area that must
be protected to prevent erosion.

Each surface will have at least one critical dynamic pressure where
the onset of erosion takes place. A large percentage of the natural
surfaces will have two or more critical dynamic pressures: The
first in the order of 1 to 3 pounds per square foot where the loose
surface material begins to move; and the second, usually a much
higher value, where the top soil breaks free and begins to move.
When a thick surface layer is composed of free particles in the
range of .1 millimeter or smaller, a severe dust problem is encoun-
tered. These small particles do not readily settle back to the
surface once distrubed.

Relatively hard dust-free surfaces, such as macadam or concrete, may
have large free particles on the surface. These particles are com-
pletely exposed to the surface flow and will move at low dynamic
pressures. The danger here is primarily to personnel or other air-
craft, as these particles travel away from the impingement area.

Jet impingement on water produces spray at surface dynamic pressures
above 2 to 3 pounds per square foot and the spray height increases
with disk loading.

SI• 2
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___A_- A1.r~face wind- -ocir 7evr-velzIV-o-M- 1118- -ioa nrgiIflujence on the flow
field, such that lightweight eroded particles are lifted out of the
downwash flow field on the upwind side and returned toward the jet.

When landing sites oan be selected, areas with light vegetation or
darip aieas should be used. Surface traffic should be avoided as

much as possible. Prepared landing areas should be kept clean,
particularly if used by more than one aircraft.

I
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i ~The problems associated with the downwasb impingement are com~plex1

, and, as with most problems, there does tot apear to be an ideal

mI

S~solution. The best solution will probably result in a cc~yromise,
S~which depends to some extent on the assumed mission. To make in-
S • telligent compromises the problem must be well defined and the

effect of all variables known.

To date there are no known test results that clearly define theS ~influence of surface winds (or forward velocity). Small scale

S~tests would prove to be most adivantageous as the work could be
S~conducted indoors where controlled, simulated winds could be pro-
Svided for the tests. Selected geometric jet shapes should be used
S~as a systematic variable in scale tests to determine the charac-
S~teristics of non-circular jet flow fields. Although most lifting
F devices tend to produce circular jets, there is a possibility of

using secondary, non-circular jets (which may possess more desir-
able characteristics, such as lower decay rates) to effectively

S~control the basic flow.

I=

It has been shown in this report that, at a constant diuk loadi~g,
the field maximum dynamic pressure increases with decreasing Z/D.
When designing an aircraft with the capability of operating at low
Z/D ratios to reduce power requairements, or provide greater over-

land ~ ~ .... caaiiy co~~ ation should be given to the increase in

the field maximum dynamic pressure and the intended operational
environment of the aircraft,

For future VTOL aircraft, surface erosion and associated impinge-
ment problems should be considered in the preliminary design of
the aircraft. Special filtration or other protective equipmment
for the aircraft and/or for the landing area may be necessary to
meet specific operational requirements.
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The operation of helicopters and vertical lift types of aircraft from
unprepared surfaces rresents problems associated with the downwash or
slipstream impingement. Among these problems are the effects on: the

pilot; the aircraft physically and operationally; tactical operation
of the aircraft; and danger to ground personnel and equipment result-
ing from dust and debris set in motion by the downwash or slipstream.

r Hiller Aircraft Corp. was awarded Contract DA 44-177-TC-500 in 1958 to
study the characteristics of the downwash from VTOL aircraft. Tests
were conducted with propellers and a ducted fan. The results of this
test program were presented in Reference 1. 4

In April 1960 Contract DA 44-177-TC-655 was awarded Hiller Aircraft
Corp. to conduct additional tests and evaluation of the effects of
the downwash impingement on a variety of soil conditions. This
test program was conducted at the Corps of Engineers Waterways
Experiment Station at Vicksburg, Mississippi. Test sites, soil
analysis and general support of the test program were provided by
the Waterways Experiment Station. The results of tests with the
two-foot dieneter ducted fan were pvesented in Reference 2. Additional
tests were conducted with a diffuser and adapters installed on the duc-
ted fan. Side by side flov-,'or VTOL aircraft, an annular nozzle ground t
effect machine, and a plentun chamber type ground effect machine were
simulated. The results of this test program were presented in Refer-
ence 3.

The results of these test programs have been analyzed. This analysis,
including correlation between the doimwash studies and the movement
of soil particles, recommendations relative to VTOL aircraft design,
and suggestions for future research are presented in this report.



5. DISCUSSION

Mobility of the test equipment was provided through the use of aU. S, Ariv Model M-54, 5-ton, 6x6 cargo truck with a front-mounted

winch (Figure 1). The power was supplied to the propeller by a
Ford Model 332 industrial V-8 engine, driving through a five-speed
gear box and a right angle drive. The height of the propulsion
unit was varied by raising or lowering the boom assembly with the
winch cable. Due to the flexibility of the boom assembly and
cable, accurate settings of Z/D were difficult. When the thrust
was applied the load in the cable and boom was relieved and theS ~Z/D would change from the static position. For the adapter tests

i (Reference 3) where small changes in height resulted in large
variations of Z/D, a support strut and screw Jack were used to
provide close control over the adapter height.

The Z/D was established before the propulsion unit was engaged;
therefore, when surface erosion was incurred the Z/D changed as
the erosion progressed. In some tests the eroded section had a
maximum depth of 14 inches, which produces a significant change
in Z/D. With the exception of the water tests, all Z/D ratios
are pre-operation valucc.

6
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5.1 VELOCITY SURVEY

5.1.1 GENERAL FLOW FIELD

The velocity survey tests were conducted to provide some insight into
the basic flow field. Complicating factors were eliminated where
possible. Tests were conducted during minimum wind over flat, non-
eroding surfaces. In effect the problems associated with the impinge-
ment, such as dust, flying particles, etcetera, were eliminated so
as to reveal the basic flow in its simplest form. The test equipment,
test procedures, and the data obtained are presented in Reference 1.
The concern here is not with the tests but what has been accomplished
as a result of the velocity survey tests.

An over-all examination of the impingement will be necessary before
the velocity survey test results can be discussed in detail. The
jet, which is a result of producing lift at zero or low forward
speeds, does not dissipage readily. When this jet strikes the surface,
the velocity normal to the surface is reduced to zero,, and the energy
is converted to pressure that accelerates the flow away from the im-
pingement area. After the maximum velocity is reached, the surface
flow continues away from the high pressure region, where diffusion
and viscous forces eventually reduce the velocity to an insignificant
value. The flow field was observed through the use of the tuft
boards, and quantitative data were obtained from pitot pressure
measurements. A general view of the test arrangement and the equip-
ment used is shown in Figure 1.

The initial jet mean dynamic pressure (q.) provides a convenient basis
for reducing much of the data to non-dimensional form for a jet that
issues from a nozzle (as a ducted propeller or turbojet engine) the
following relation exists:

m-T -w

For an open propeller or rotor where the flow contracts downstream
of the reference area, the mean dynamic pressure is related to disk
loading by:

The diameter used for the analysis of open propellers or rotors is the

contracted slipstream diameter:

D - .707 Dp.

7
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-T e res8tU -the velocity surveys are presented in terms of the
dynamic pressure ratios (q/q.), (qq.).. and (q/qm)FM. The
term (q/qm) represents the ratio between the dynamic pressure (q) and
mean jet dynamic pressure (q 3 ). The term (q/qm)max represents the
maximum surface dynamic pressure obtained at some specifio x/R loca-

* tion, referred to the mean jet dynamic pressure. The term (Vq/)FM
is reserved to describe the maximum surface dynamic pressure irrespec-
tive of the location in the flow field, again referred to the initial
mean jet dynamic pressure.

5.1.2 DYNAMIC PRESSURE VARIATIONS IN THE FLOW FIELD

The dynamic pressure data obtained from the tests were plotted for fixed
conditions of Z/D and x/R to obtain the dynamic pressure variation with
height above the surface. This dynamic pressure profile, shown in
Figure 2, is typical of all obtained. The maximum value (q/qm) was
obtained at several radial stations and a cross plot of (q/q
versus x/R was made for each value of Z/D tested. Figure 3 shows the
change in maximum dynamic pressure with radial location that results
from the impingement of a circular jet normal to a flat surface.

The flow follows the sequence shown below:

First, the exit flow velocity decreases, converting dynamic pressure
To-static pressure.

Second, the flow accelerates along the surface until the static
pressure is reduced to ambient and the surface dynamic pressure
is a maximum.

Third, the velocity decreases with increasing radial distance due
=acombination of diffusion and viscous forces.

The velocity decay obtained from a circular jet is such that it fits
the curves

2
(q/q-) -iYoj ) , where K w 26.8 was determined in Reference 4

max. "' --j and shown to give good correlation with full

scale tests.

This equation can be used to show that the surface dynamic pressure at
a given radial location is a function of total thrust and not disk
loadings

8
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qma .w/2 T T

2QT xx 4( 2

-or for s. non-ducted prope-lLer where

=T

The boundary between the Jet surface flow and ambient still air is
a function of the radial distance from the impact point. The equation
of the zero velocity line is given in Reference 1 as h/D - K x/R where
.125 <K 1 .134. If both sides of the equation are multiplied by 2Rf
"the following equation is obtained:

h = Cx where .25• C .268.

The above solutions are valid when x- 2R. To find the field maximum
dynamic pressure, the disk loading and Z/D must be known.

Because the maximum dynamic pressure from each pressure profile was
used to plot Figure 3, the maximum dynamic pressure (for a given Z/D)
from Figure 3 is the maximum value in the flow field and is therefore
called the field maximum dynamic pressure. The curve of (q/CM)FM
(Figure 4) is of prime importance as the onset of erosion is governea
by the soil classification parameters and the field maximum dynamic
pressure. If the soil critical dynamic pressure (NCR) is known, the
disk loading and Z/D combination required to start erosion can be
found, i.e.

qF.M. (. x q.

for a ducted propeller q, = w/2

- .A F.M... : (q/qm)F.M. w/2

or 2q
W F.M.

9



where (q/qm)F.M. is a function of Z/D as shown in Figure 4 and
qF.M. w qCt when erosion starts.

If qF.M. is less than qCR, there will be no erosion at the point of

maximum dynamic pressure and therefore no erosion will take place at
any x/R location. If qF.M. is greater than qCR, erosion will start
and continue to take place until the local maximum dynamic pressure
[(q/qm)max. at x/R] decreases below that required to propagate the
erosion. An indication of the relative severity of the erosion prob-
lem can be obtained by the excess in the field maximum dynamic pressure
above that required (qCR) to initiate erosion.

Figure 3 is useful in determining the approximate extent of the par-
ticle cloud. When the local maximum dynamic pressure [(q/q ) at
x/R] decreases below that required to sustain the particles, •
will settle back to the surface. One must be very cautious when using
Figure 3 for this purpose, as surface winds or excessive erosion can
greatly influence the flow pattern.

As was stated previously, the surface dynamic pressure h's a maximum
value in the vicinity of one diameter from the centerline of rotation;
beyond this distance the surface dynamic pressure is a function of
the total thrust and not the disk loading. It cannot be emphasized
too strongly that it is the field maximum dynamic pressure that de-
termines whether or not a surface will be eroded and the field maximum
dynamic pressure is a function of disk loading and proximity to the
ground.

The analysis in the appendix provides a solution for the field maximum
dynamic pressure as influenced by the normal parameters of disk load-
ing, power loading, and geometry. The most direct method of reducing
the field maximum dynamic pressure (see Equation 10 appendix) is to
reduce the disk loading; however, this parameter is usually determined
by other requirements. Figure 2 of the appendix indicates that sig-
nificant reductions in the field maximum dynamic pressure (q of the
appendix ) can be obtained by small changes in Z/D if the degign Z/D
is 1 0.5; if the design Z/D is-l.O the reduction in the maximum
surface dynamic pressure obtainable by increasing Z/D are insignificant.

Figure 4 of the appendix indicates that, when the equivalent Z/D ratio
is less than one, significant reductions in the field maximum dynamic
pressure (for constant disk loading) are made possible by using jets of
high aspect ratio.

10



EFECTS OF TILTING THE THRUST VETOR

t Velocity survey tests were conducted at 0 w 00, 300, and 600 thrust

axis inclination, the results of which are presented in Reference 1.
The eurveys at 0 . 300 and 0=600 did not include as many x/R
stations$ where velocity profiles were obtained, as did the 9 - 00
tests. Because of the rapid change of (q/q.)max. with x/R and the
relatively few profiles available, the validity of the (q/qa )
versus Z/D (Figure 5) curves for 0 = 300 and 9 - 600 is que'slti°onable.
The values given by the curves were obtained from tests; however, it
is possible that higher values existed at points where no measurements 4
were made.

If the jet decay curve is compared with the (/qm) FM curve for zero
thrust inclincation (Figure 4) one finds that the maximum surface
dynamic pressure is approximately equal to the stream dynamic pressure
from the jet decay curve, provided the points of comparison are at
the same Z/D value. These two curves reprpsent the two extremes in
thrust axis inclination (00 and 900). If the flow can strike the
surface and turn through 90 degrees with little or no loss in total
pressure, then it should turn through a lesser angle with no greater
loss in total. pressure. One would conclude that, as Z/D has been
defined in this report, the curves of Figure 5 should differ by the
cosine of the tilt angle. The data indicate greater losses for 9
300 and 0 - 600. Assuming the data to be correct, large angles (andr
therefore significant losses in vertical thrust) are required to
appreciably reduce the field maximum dynamic pressure.

5.1.4 EFFECT OF SURFACE WINDS

The general radial flow pattern after impingement without surface
wind is near the surface. The surface velocity increases with
radial distance from impingement, until the static pressure is equal
-to ambient pressure, and then it decreases beyond this point (Figure 3).
When a surface wind (or forward velocity) is imposed upon the flow
pattern, the shearing forces between the wind and radial flow on the
upwind side produce a surface flow profile similar to that shown in '4
Figure 6. This shearing action causes the radial flow to separate
from the surface when the surface dynamic pressure is slightly greater
than the free stream dynamic pressure. After separation the radial
velocity component decreases and the free stream and jet flow mix and
blow back toward the source.

If a jet is impinging on a smooth erodible surface, and the disk load-
ing is sufficiently high, particles will be entrained and carried

11



"radially outward in the decreasing velocity flow. If there is no
surface wind a point will be reached where there is insufficient
velocity to sustain the particle and it will fall to the surface and
come to rest. It is of little consequence whether the particle
momentum at low radial distances is sufficient to carry it beyond
the area where the velocity will no longer keep it in motion. Thus
the particle would not be returned toward the source regardless of
its physical characteristics. On the other hand, if there is a
surface wind (or forward motion) the particle may or may not (depend-
ing upon its physical characteristics) return to the immediate sur-
face. Very light particles will be trapped in the rolling up flow,

t lifted higher above the surface and returned toward the jet. This
action has been observed and recorded on motion picture film.

If the surface wind velocity is of the same relative magnitude as the
field maximum surface dynamic pressure, the jet flow and the entrained
particles will be swept back. leaving the upwind side of the jet clear,
The dust cloud will form downwind of the impingement point.

As long as the surface remains relatively flat there should exist a
definite relationship between the field maximum dynamic pressure, the

jet diameter, the wind velocity and the height of the dust cloud.
At constant altitude increasing disk loading will move the mixing
region upwind and increase the height of the dust cloud in relation
to the increase in the maximum surface dynamic pressure; increasing
wind velocity will shift the dust cloud downwind. Increasing altitude
will decrease the cloud in relation to the dynamic pressure decay curve.

5.1.5 EFFECT OF GEOMETRY AND MULTIPLE SOURCE

The two-foot diameter ducted propeller used in Referencesl and 2 was
fitted with a diffuser. Two adapters, for mounting on the diffuser

exit, were constructed. One adapter provided a pair of jets, each
one foot in diameter and two feet between centers, and the other
adapter simulated an annular nozzle ground effect machine (GEM).
The annular nozzle GEM had a total area (base plate plus nozzle) of
5.2 square feet, with a .6-inch thick jet inclined toward the base
at 45 degrees. The open end of the diffuser was used to simulate
a plenum chamber GEM. The detailed test data have been presented in
Reference 3.

The three configurations discussed above were operated over a flat
non-eroding surface at fixed heights while gage pressure measurements
of the flow field were made.

12 *1



5.1.5.1 SIDE BY SIDE DUCTS (FIGURE 7)

f The gage (total miLnus ambient) pressures for -the side by side ducts were
measured at a disk loading of 44.6 pou••s per square foot and at an
exit height of 1.56 feet (Z/D - 1.56). Seven gage pressure profiles
were obtained at x/R ratios between one and three, with the total
pressure rake located at 9 -00, 450, and 900 (see Figure 8). TheseI profiles show a maximum gage pressure in the region of x/R - 1.33 to
1.67. It must be remembered that these profiles are gage pressure
and not dynamic pressure profiles. The difference is the use of

total pressure minus ambient rather than total minus static pressure.
The static pressure was determined (for the two-foot duct) to decrease
rapidly to ambient pressure at x/R = 2. High gage pressures at
x/R'C 2 are, therefore, not indicative of high velocities; beyond
x/R - 2 the gage and dynamic pressure are identical. A comparison
of the radial dynamic pressure decay rates obtained from the side by
side ducts and the single, two-foot duct are shown by Figure 8. It is
interesting to note that the minor axis of the side by side ducts
system (where considerable concentrations of dust were observed) ap-
parently does not experience higher maximum velocities than the other
areas; it does, however, indicate a lower decay rate and thus higher
velocities at radial stations beyond x/R = 2.5. Comparing the profiles
(Figure 9) it can be seen that the minor axis flow is much greater at
high values of h/D (h/D - 1), apparently due to the fact that the
maximum pressure is above the surface at tke centerline of the system.
The fact that the maximum velocities along the major and minor axes
are approximately equal is to be expected. The stream reaches stag-
nation pressure at the impingement point, and when two jets are used
one would expect three stagnation points, the third being midway
between the two jet stagnation points. A vertical component of flow
along the minor axis might be expected due to the secondary impinge-
ment of the ground flows along this axis.

5.1.5.2 PLENUM CHABER (FIGURE 10)

The plenum chamber was operated at three disk loadings, 4.36, 9.he,
and 31.25 pounds per square foot (A - 5.955 square feet), at a
constant height of three inches. Thi plenum chamber can be considered
as a non-circular jet operated in very close proximity to the
ground plane. The data obtained indicates a field maximum dynamic
pressure ratio of approximately 1.7. To compare this to the curve
of Figure 4 an equivalent diameter must be used. The comiparison used
here will be equivalent (Z/D) based on the value of (A,/Z) , where
for a circular Jet (A4/Z)e 1 ; therefore, (Z/D) 4- e 1

U e • e 4(A4/Z)e

13
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- • The value obtained boy making the indicated substitution is (Z/D),
.0994. This point L(Z/D)e - .0994, q/qm - 1.73 is in close agree-
ment with Figure 4. If an equivalent diameter based only on the
exit area is used, the (Z/D)e value would be essentially the same
in this case LCZ/D)e -. 0908 3.
5.1.5.3 ANNULAR NOZZLE (FIGURE 1n)

The &nnular nozzle was operated at three disk loadings, 2.31, 9.64
and 16.6 pounds per square foot (based on total area A4 + Ab 5.2
square feet). The data obtained from these tests cannot be compared
directly with Figure 4, due to the difference in geometry, except to
note that the maximum value of Pt/w/2 = 2.75 is considerably above
the range of Figure 4.
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5.2.1 ~5.2 SURFACE EROSION
S~5.2.1 INRODUCTION

The results of the surface erosion tests have been resented in
Reference 2 (two-foot diameter duct tests) and in Reference 3
(adapter tests).

Tests were conducted over various surfaces with different prepara-
tions. Wave rods were used during the tests over water, providing
a continuous record of the water elevation at each of the rods.
Particle traps were located in the flow field where possible,
providing information on the quantity of material trapped at the
various geometric locations. From this information the weight flow
(pounds per minute) of material passing through a square foot area
normal to the surface was obtained and designated as the flow rate.
Plots of h/D versus flow rate were constructed for each test where
this information was available. For the two-foot duct tests over
gravel, the size of the largest particle in each trap was recorded and
plots of h/D versus volume loading constructed. The volume loading
(V.L.) was obtained by dividing the particle voline by the maximum

* projected area, thus reflecting not only the size but also the
particle shape. Mearulements were made of the proded section, and
16 millimeter motion picture coverage of the majority of tests was
obtained. The Waterways Experiment Station supported the testing
by furnishing the test sites and performing neceissary sol1 tests
for classification of the soils and for determination of the con-
dition of the soils at the time of tests. The results are in-
cluded in References 2 and 3.

All recorded information was presented regardless of its apparent
value because the nature of the erosion and the controlling param-
eters were not clearly defined. This data represents the time
average during the test duration, normally about one minute,
during which the flow pattern, in many cases, was observed to
change completely. It is the general trends and order of magnitude
that are to be considered in the sections dealing with surface
erosion.

5.2.2 FLOW RATE PROFILES

To determine if the side by side ducts were influenced by the dif-
fuser and to determine the area of mutual interference, three duct

15



aonfigurations of the side-byside ducts were operated-over dry sand

at a disk loading of 60 pounds per square foot and at a Z/D of 1.5.

The first configuration was with standard eight-inch nozzles. The
nozzles were extended to 26J inches in the second configuration and

in the third configuration one of the standard eight-inch nozzles
was diverted by a 12 by 28 by 46 inch box (see Reference 3). Obser-
vations made during the tests indicated that the flow changed from
radial to vertical 50 seconds after the tests started. The eroded
sections were very similar (profiles are shown in Figure 12) except
near the center of the single duct test where a damp area was noted.
The conclusion was drawn that the diffuser was not influencing the
impingement, and the region of mutual interference was limited to the
narrow wedge area shown in Figure 13. By comparing the flow rate
profiles (Figure 14) it can be concluded that the results of tests
III A 33 and III A 41 were very similar. The flow rate profiles of
test III A 46 show considerably less erosion than the first two
tests. The difference in the y/R = 6 curve "A" is to be expected as
this trap was located on the minor axis of the system and one duct
was diverted during this test. The total erosion of one duct was
calculated by integration of the profiles shown in Figure 12 to
determine the eroded volume. The total erosion thus calculated
was plotted on Figure 15 and shows essentially the same relationship
betw.een the three tcrts as did the flow rate profiles.

5.2.3 COMPARISON OF CONFIGURATION BY FLOW RATE PROFILES

The sand tests were used to determine the similarity between the flow
rate curves for the two-foot diameter duct and the side by 6ide one-
foot diameter ducts due to the relative uniformity of the sand. With
the duct exit close to the surface (Z/D : .5) reasonable agreement is
obtained (Figures 16a and 16b). The agreement is somewhat 'better at
low values of x/R where the surface wind is not such a powerful in-
fluencing factor. The test results at Z/D = 3 show the correlation
to be essortially independent of Z/D (Figures 17a and 17b); again
greiter deviations in flow rate appear at the highest values of x/R.
Generally better correlation is found near the ground surface. This
would be in the higher velocity area where the surface wind would have
less influence. A small difference in moisture content and density
existed between the tests. At the time the two-foot diameter duct
was tested, the dry density of the sand was 92.2 pounds per cubic foot
and the moisture content was between .5 and 1.3 percent. The side
by side ducts were tested when the dry density of the sand was between
90.5 and 91.5 and the moisture content was between .2 and .4 percent.

It appears that the flow rate values obtained with the two-foot duct
and the side by side ducts can be compared directly with no loss in
generality.

16
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5.2d.4 flisussioN OF T~fl4Ds AND RCATIOI8HIM-P&-

One of the most predominant trends that appeared in the results of
Stests over the varioua soil conditions was the increase in flow rate

with increasing disk loading. This is to be expected as the surface
dynamic pressure varies dire6tly with disk loading. The flow rate
profiles Figures 16 and 17 cannot be made independent of disk loading
in a manner similar to that used for the dynamic pressure profiles
(see Figure 2) because the slope of the flow rate vs. h/D curve
changes with disk loading. The high flow rates at large h/D values
and high disk loading (seen in Figures 16 and 17) are most probably
due to the vertical projection of material resulting from the erosion.

The effect of increasing Z/D is shown in Figures 18a and 18b. There
is a greater decrease in flow rate between Z/D = .5 and Z/D - 1.5 than
between Z/D - 1.5 and Z/D - 3. This would be expected from the velocity
profile results, namely the field maximum dynamic pressure curve (Figure 4).

The relative erodibility of the different soils is compared in Figures
19a and 19b. The flow rate parameter is apparently affected by time.
Therefore w, Z/D and time have been held constant in Figure 19. The
erosion rate of the "as deposited" river gravel (IV A) is high, and
large flow rates are found at large values of h/D where these par-
ticles could inflict heavy damage if they are large in size. It
will be shown in section 52.4.1 that the particles actually were of
considerable size.

The flow rates obtained from dry sand (III A), flat plowed lean clay
(I B), and the plowed and furrowed lean clay (I C), show that con-
siderable quantities of material were in motion. A lower density
material will have a greater volume flow at the same flow rate. These
small particles are largely responsible for: the erosion of rotor or
propeller blades, contamination of lubricants, and are the primary
source of visibility problems.

Figure 20 shows the effect of disk loading and X/R on the flow rate
profiles for the "as deposited" river gravel, and Figure 21 shows
the effect of Z/D. The effect of moisture and compaction was to
reduce the erosion (Figure 22).

5.2.4.1 VOLUME LOADING

The relative size of the particles can be obtained from the volume
loading curves. Volume loading is the particle volume divided by its
maximum cross sectional area; therefore, the diameter (in inches) of
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a. ah~ ~.lp~t~le ildhe 1to/2 h-e volune loading. For a
rectangular particle the V.L. would equal the smallest dimension. The
particle sizes and the capture location can be obtained from Figure
23. In addition to the particle size these curves shed some additional
light on the nature of the flow pattern after erosion has taken place.
The. "sprinkled azd compacted" gravel curves show larger particles near

the surface and smaller particles at high h/D values. The flow rate
curves show the "as deposited" gravel had greater flow rates, and the
slope of the "as deposited" gravel curves is greater than those for
the "damp, compacted" gravel. From this it can be concluded that
as the erosion takes place the high velocity flow lifts above the

surface. When operating over the "as deposited" gravel the higher
erosion rate creates a hole in a shorter period of time. The flow
lifts above the surface, carrying with it the larger particles. The
"damp, compacted" gravel had a lower total erosion rate, thus the
hole took longer to form and the flow remained along the surface.
This resulted in a higher flow rate near the surface and a lower flow
rate at higher h/D's than with the "as deposited" gravel.

5.2.5 MEASUREMENTS OF ERODED AREA

After completing a test, the size of the eroded area was measured to
determine the diameter and depth of the resultinG improssion. In
Reference 2 the relative depression dimueter was plotted against disk
loading with flagged symbols to denote the time variable, as the
diameter of the eroded section would be expected to increase with
time. Figure 24 is a reproduction of the Z/D = 3 and Z/D 1 .5 data
from Reference 2, wherein the standard test time was three minutes.
Data from Reference 3 is also included, wherein the test time was
one minute. The diameter of the depression directly beneath one of
the ducts was used for DH of the side by side ducts to facilitate
comparison. It should be noted that reasonably good correlation
exists in spite of the marked difference in test time. In this case
the depression depth was small compared to the diameter, viz. for
the two-foot duct at 125 pounds per square foot, the depression was
approximately eight feet in diameter and only eight inches at the
deepest point. The flat plate model would provide a fair simulation
of this condition, and the rapid decrease in dynamic pressure with
x/R would reduce the velocity below the critical value for this soil
at a given x/R regardless of test time.

The existence of two DH/D ratios for the two-foot duct tests over dry
sand at a constant disk loading may be noted in Figure 25. The larger
circle had a distinct boundary where- the sand first settled back to
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the surface, within this circle was an undisturbed region, and the
eroded section was at the center. As the disk loading decreases the
two curves approach the same value and therefore must close when the
loading is just suffioient to start erosion. The data from the side
by side ducts and the two-foot duct again show reasonable correlation.

The river gravel eroded slightly at 15 pounds per square foot, and the
erosion rate increased with disk loading. At a disk loading of 145
pounds per square foot the two-foot duct produced a total erosionS ~rate of 150 pounds of material per second. During this test a hole8.5 feet in diameter and 14 inches deep developed in 40 seconds. The

depth was limited by a hard surface. Sand settled to the surface to
Sa radial distance (x) of 32 feet, and particles equivalent to 4 inch

diameter were fouind to x - 39 feet. Again the correlation in eroded
section diameter (Figuire 26) is much better than would be expected.
It is seen from Figures 24 to 26 that the actual eroded section is
normally between tILree and five jet diameters even though the sur-
face materials cover a large range in particle size and classifica-
tion.

5.2.6 WATER TESTS

The water pressure (Ps) in the deepest area of the depression would
be the product of the density and depth (P, = 62.4 h). The effective
Z/D changes considerably for the side by side duct configuration is
the water level changes. This was particularly true for low Z/D
tests; therefore, the Z/D was based on the bottom of the depres-
sion. A maximum surface dynamic pressure was obtained from the field
maximum dynamic pressure curve (Figure 4). In the water tests this
high velocity in the depression would not be expected, but the field
maximum dynamic pressure would give a good representation of the
maximum surface gage preasure, .-. pt-Po - w/2 (q/qW)FM The ratfio

of PsA Pt- Po)as obtained from the test data is shown plotted versus disk
loading (Figure 27). At low values of disk loading some of the data
obtained with the two-foot duct appears to be very poor, but it must
be remembered that the water depressions at the low disk loadings
were in the order of I inch, while allowance was made for water de-
pressions of two feet, In addition the wave rods were supported above
the water surface and the supports interfered with the air flow and
hence with the measurements. The one-foot-long rods used on the side
by side ducts were supported beneath the surface and only the end of
the rod protruded. Thus, better data was obtained, as evidenced by

J the better correlation.
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___-5 ._2. 6A~ WAVt AW~LI= AND FRI)WENCY

The wave amplitude increased with disk loading such that at w 1u 0
to 150 poumnd per square -foot the amplitude was 1/4 to 1/5 of a foot.
The wave frequency is almost independent of disk loading with an
order of magnitude of 2 to 4 cps throughout the disk loading rangetested. This data is plotted in References 2 an 3.

5.2.7 ONSET OF EROSION

Although the exact disk loading and Z/D required to initiate erosion
was not obtained, a general order of magnitude of the surface dynamic
pressure required to start appreciable movement can be determined "
from the best results. Fine particles of loose, dry material require
a surface dynamic pressure of one or two pounds per square foot.
Large dust clouds are formed by these particles when their size is
.01 to .03 millimeters in diameter. The larger particles such as
sand (.2 to .4 millimeters) tend to settle back to the surface unless
the wind is strong enough to support them. From the dynamic pressure
required to start the erosion of sand (approximately two pounds per
square foot) the wind velocity required to sustain these particles
might be assumed to be in the neighborhood of 30 and 40 mph.

Water spray was formed w:hen the surface dynamic pressure was three
,ounds per square foot. The spray at this loading was very close to
the surface. The wave frequenc[ was two to four cycles per second
with an amplitude of more than • inch.

5.2.7.1 VEGETATION

Hard soil surfaces with vegetation showed no erosion of the basic
soils at the maxdimum disk loadings tested (140 pounds per square
foot). These surfaces all have fine loose particles on the sur-
face that start in motion when the surface dynamic pressure is 1 to
3 pounds per square foot. These light particles form light dust
clouds and the pieces of dried grass or vegetation can mat up on
air inlet screens to present a real problem.

5.2-.7.2 SAND

The dry sand will begin to move when the surface dynamic pressure
is 2 to 3 pounds per square foot. Saturating the sand with water
greatly reduces the erosion rate; however, a continuous drying
takes place at the surface and some motion would be expected.

20
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River gavel is alvays acoompanied by some sand. Light sand particlesS~were blo= from the surface when the surface dynamic pressure was two
to three pound per square foot. The size of the particles and the
height above the surface at which a given particle size was found
(Figure 23) increased as disk loading was increased. At ducted pro-
peller disk loadings of 140 pounds per square foot, particles approxi-
mately I inch in diameter were found at the highest trap location 1.08
duct diameters above the surface. Adding moisture and compacting the
surface reduced the flow rates at the higher trap compartments, but
did not decrease the flow rate of particle size near the surface.
At low disk loadings, 8 to 60 pounds per square foot, the size of
the particles trapped near the surface increased. The addition of
water apparently washed the fine particles down and exposed a greater
number of large particles.
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6. EVALUATION

The velocity survey tests have proven to be of considerable importance
in providing a general understanding of the erosion problem. The
excellent agreement obtained between the velocity survey tests of the
two-foot duct and those obtained from a four-inch nozzle (Figures 28and 29) show that velocity survey work can be conducted with scale
equipment that allows accurately controlled conditions.

The critical surface dynamic pressure for dust, dry sand, and water
was shown in Reference 5 to be independez.i of scale effects in the
range of duct diameters of one to sixteen inches. The critical
dynamic pressures obtained from the two-foot duct tests of Reference 2
are compatible with those of Reference 5. The height at which water
spray was observed (Reference 5) was non-dimensionalized and plotted
versus the "maximum surface dynamic pressure" (the field maximtum
dynamic pressure). Two curves were obtained, one for the four-inch
nozzle and one for the 16-inch ducted fan. The existence of the two
curves was attributed to the small size of the water pan in compari-
son to the 16-inch ducted fan, ard therefore the four-inch nozzle
data was considered more realistic. The results of the water tests
described in References 2 and 3 are in good agreement with the 16-
inch ducted fan tests (Figure 30). The pond used during tests of
the two-foot duct and the side by side ducts was approximately 40
feet by 100 feet and 22 inches deep. The size of this pond is con-
sidered more than adequate, and the curves obtained from the 16-inch
ducted fan and the two-foot ducted propeller are considered repre-
sentative of full scale. A discrepancy exists with data obtained
from full scale turbojet experience (described in Reference 5).
This data was in better agreement with the data for the four-inch
nozzle.

The velocity survey and soil erosion tests conducted under this pro-
gram will continue to provide valuable information as the under-
standing of the problem is extended. As of the present time the
data has been examined to determine trends, but in many cases the
proper variables required to non-dimensionalize and analyze this
data are not available.

A large number of variables have been investigated (Z/D, w, soil
conditions and geometry). There is a considerable number that have
not been considered. One of the most important of these, surface
wind or forward velocity, has been avoided. The tests conducted
indicate that the surface wind has a profound influence upon the
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-----------beu, %--inare normal npractical operation. The
geometry was varied to some extent; however, the analysis of Appon-
dix I indicates appreou ble changes, in the field maximet dy.mic
pressure are brougtt a~bout tbrough variations in geometry. MheSbasic assuaptions vpon which the analysis depends are subject to
criticism; however, reasonable agreement has been obtained with the
data from the plenum chamber, annular nozzle, and the ducted con-
figurations used in these tests.
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FIG. 1. TEST SITE, VELOCITY SURVEY TEST EQUIPMENT
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Particle trap I
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Figure 7 General Arrangement, Test Equipment, Side by Side

Flow Adapter
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jAb *base plate area square feetf
A44 = duet exit flow area square feet
a periphery of the Jet (circumference) feet
D * duct exit diameter 

feet

FH =horizontal force resulting from the
surface mass flux

poundsm - air mass rate of flow slugs per second
P pressure 

pounds per square foot
P' power 

foot pounds per second
q " dynamic pressure pounds per square foot
TN . net thrust 

pounds
Tp6 = propeller gross thrust pounds

V .velocity 
feet per second

w - disk loading pounds per square foot
Z a duct exit height above the surface feet

" loss coefficient 
none

Aj/zc 
none

77 * efficiency factorS~none
air mass density slugs per cubic foot

-
none

0none
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.b a base

d a diffuser

e - effective

G gross

i inlet

N a net

P a propell er

: T •total

0 to - control stations in the flow f1cld (zee skebch below)

SZ'ere Air

Duct Inlet

2 Propeller Inlet

- O Propeller Exit

t Radial. Station
Where P6  Po

Duct
Exit I , -

z
61,
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I .... f du-tha- uniform pressure exists beneath the
duet exit, which is sustained by the radial acceleration of the mass
flow, a solution of the mass flow and velocity can be obtained.

PT is calculated from the horizontal acceleration of the ground flow.

FH - m6VH = mV6

FH . (P 4 - P0 )Zc
P4 . my6 + P04 0 Equa. (1)

and FT P 4  q4
mV6  g2

T4 0 o +2 Equa. (2)

14

A free jet loss is defined as:
p p

T4- T6
q6

S.T " q6 B+PT

ST 6 m P6 + q6  but P6  P0

SPT4 q6 + PO + q6  q6 (l + ) + PO Equa. (3)
14

Equating equations (2) and (3):

Lk. 2= 2
! mV6 + P 4 O 4 PO +1 V6 (10+e)

2Substituting a /AV4 and multiplying by 2-+)

2//e~V 14 (1 +s)
(Vj4. 2A4  V6  - 1 -0

4 Zc(l +c )714  T1 +a&
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6 [ %,ra) )] + 3 Equs. +(1)

Because (Zc/A)2 (1 +8 ) is positive and V6/V4 cannot be negative, the
positive sign was used.

_Now the total thrust can be calculated.

TN mV4* A4(P4-FPo) + Ab(P,-P)

TNU mV4 + (p4_Po)(A 4+Ab)

from equation (i)

mV6P4-Po -e

N mh P"" + (T o 4Ab)

N mV- 2. + Z v6/V1 Equa. (5)

V Equa. (6)v4 A4 +Av6

To calculate the power, the inlet, diffuser, and propeller losses are
required.

Define - PTo-PT2  P

6Inlet Loss 2 q qg
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i T PT PT -P-.
q3 q2

Propeller Efficiency np u 3p

Now q6 (1 +a) + Po from Equa. (3)

PT3  q 2 8 d q6 (L + ) + Po

T2  = eq i "P O 0

A2 (P P2 ) = A2 (PT3 T 2 3 I
[q eP Aq2d + q6(1 +) + Po + q 2 •i - OlTG

T q2 A2 (Sd +ei) + q6 A2 (I +c) Equa. (7)

and I.T PG V2

.¶ P q2 A V2 ( 2 d + i) + q6 (A2 V2 ) (+ +e-)

2Pý1 P 2=2 (1 +, ) + (V2/v62 (ed + i)

mV(v
6 vh)2 +

Combining equations (5), (6) and (8)s

2 /A) (v6/vh) ' 4 2) Equa. ())

+ 4
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- I -- -~ From Equation (5) - _

(A V+b)

Let AT A4 + Ab

AT F.N 2 (1 + Zo V/V

ATI(1 + Ab/Ak) CV6 /v4)2

'2

Let TN/ATE w

so 1 (671 ~ '
- V.O4- .1,O- i2q, (1 + Ai/Ah) (v6/Vh)

or q6  (1 + Ab/Ah) v6 /v( - ~Equa. (10)

Equations (10) and (h) define the variation of the field maximum dynamic
pressure with the physical parameters and the disk loading. If these
equations are expressed in terms of diameter for a circular Jet, the
following relations are obtained.

Equation (L) becomes

v - 1 + I (+ ( )(1+e ]}z/1)

II
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anEua-o (10) becomes

q6  V6/V14 (1 +AIb/A4)

and if A=b 0

q 6 VOLv
6 w-•�+�.�•E qua. (12)

- 42

Choosing values of Z/D and solving equations (11) and (12) for q6 /w/2
the curves shown in Figure 1 are obtained. For the calculated curve
to predict the test results, the free jet loss would have to vary from
.1 at Z/D - .1 to approximately .35 at Z/D 3.

The value of 2P"1 PfA4)i/TN3/2 (Figure 2) was obtained by substitution
in equations (4) afid (9) with the assumption that 8ds 8 and A• are
zero and that the jet is circular. The power loading parameter has
values greater than one for the case of zero losses ( e- 0), which is
unrealistic; however, the gernral trend of the maximum surface dynamic
pressure ratio and the power loading parameter is encouraging. The
parameters for the plenum chamber tests were used to solve equations
W(4) and (10) with the resulting q6 value of 1.932 compared to test

7w2
results in the range of 1.4 to 1.5. The analysis was extended to
represent an inclined jet and the parameters for the annular nozzle

t-. GEM were used to calculate q /w/2 with the resulting value of 3.78
obtained. This is compared to the test data where 1.9 t q6 • 2.8.

These values were calculated assuming no losses and therefore should
be greater than test data values.

This analysis, although non-rigorous, has been shown to provide order
of magnitude numbers for three geometrically different jets, and a
reasonable relationship between q6 /w/2 and Z/D for the circular jet.
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It would be worthwhile to examine the equations to determine the in-
fluense of the ptrameters on q6/w/2. Equation (20) can be rewritten
in the feamf

q6 (V6 /V4 )2 Equa. (1Oa)

7 [F( + v6/v4
Zo

where. + A (l C)1} Equa. (4

i 6 A /4 Zc

14q

These two equatlons were combined and the first derivative of q /w/2
was obtained to locate the minimum value. Solutions were found6 at
A./Zc - 0 or c- (1- C 0, but no solutions between 0 and 0o were

determihed.

The solution of Equation iua has been represented graphically in
Figure 3 with the relation between A4/Zc and Z/D for a circular
nozzle.

The AV/ZO value was calculated for several rectangular jets having
aspect ratios of 1, 6 and 16. An equivalent diameter was then obtained,
the equivalent diameter is defined as the diameter of a circular jet
of the same total cross sectional. area as the rectangular jet. Figure
4 was then cqnstructed to present the effect of aspect ratio on the
q6 /w/2 parameter.

!The power loading disk loading parameter 2P• •(,P A )'/TN3/ n brelated to the field maximum dynamic pressure'.3 can be

67
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and Eq/w/2uai (

from Equation (9)

2 2

+ _)3/2  + 3)/2

TM!

and from Equation (10a)

2

or P pAQ j q1

TN /2 (1. w/2 (1+ _A-V/4*

Zc

Therefore, any reduction in c6/w/2 will reflect in a reduction in power
loading, which would be desirable) and a high aspect ratio jet would be
desirable when operating in ground effect.

ii
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Zero Losses
2.0 No Base Plate

144 /7

1,21

Z/D ,
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